
sustainability

Article

Urban Ecological Efficiency and Its Influencing
Factors—A Case Study in Henan Province, China

Tao Liu 1, Jixia Li 2, Juan Chen 3 and Shaolei Yang 4,*
1 School of Finance and Economics, Henan Polytechnic University, Jiaozuo 454000, China
2 School of Emergency Management, Henan Polytechnic University, Jiaozuo 454000, China
3 School of Economics and Management, Southwest Petroleum University, Chengdu 610500, China
4 Chinese Studies Center, Sichuan University, Chengdu 610065, China
* Correspondence: yangshaolei@scu.edu.cn; Tel.: +86-028-8599-6691

Received: 19 July 2019; Accepted: 11 September 2019; Published: 16 September 2019
����������
�������

Abstract: The urban ecological civilization construction relates to welfare of the people and the
national future. It is an important field of the high-quality economic development to improve the
urban ecological efficiency level. The purpose of this research is to provide a new perspective and
method for the quantitative study of the urban sustainable development, and also to provide some
decision-making references for the improvement of the urban ecological efficiency in Henan province.
This paper uses the slacks-based measure-data envelopment analysis (SBM-DEA) model containing
the undesirable output and the Malmquist index model to fully evaluate the urban ecological efficiency
level in Henan province during the period of 2005–2016, via both the static and dynamic analysis.
Based on this, the bootstrap regression model is applied in analyzing the influencing factors of
the urban ecological efficiency. The research shows three findings. First, according to the static
efficiency analysis, the urban ecological efficiency in Henan province is low as a whole and has a
big promotion space. Moreover, there is a significant difference in the urban ecological efficiency
level among the five regions because of the different geographical locations and social and economic
development situations of the cities. Second, according to the dynamic efficiency analysis, in the
last 12 years, the urban ecological efficiency in Henan province has shown an overall growth trend,
and the technological progress has played a major role in promoting the urban ecological efficiency
in Henan province. Third, according to the influencing factor analysis, the governmental financial
support hinders the improvement of the urban ecological efficiency in Henan province, while the
level of opening to the outside world, the urban population density, and the urban greening level
promote it.
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1. Introduction

China’s economy has been maintaining a long period of high-speed development since the reform
and opening up in 1978. However, the economic development mode of high energy consumption,
high pollution, and high emission still exists under the influence of many factors, such as ideology,
the technical level and the management system. According to the expectation of the high-speed
economic development, the resource and environment pressure in China will inevitably further increase
under the present development mode. This will lead to a great challenge of how China’s economy
will coordinate the economic development speed and the ecological environment quality in the future.
Especially, the haze weather has frequently appeared in many cities of China in recent years, and
the ecological civilization index of China ranks the bottom third in the world [1]. This reality has
even sounded an alarm bell to the urban ecological environment control. The improvement of urban
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ecological efficiency in China is facing an extraordinary important task. Therefore, the 18th national
congress of the Communist Party of China, for the first time, fully integrated the idea of the ecological
civilization into the economic and social development and made it a national strategy. The 19th
national congress of the Communist Party of China continued emphasizing the importance of the
ecological civilization construction and put forward the idea that clear water and green mountains are
as good as mountains of gold and silver, as well as the development goal of building a beautiful China.

Henan province is located in the central plains. Its geographical position is superior, and its
natural resources are rich. It has the innate conditions of constructing a good ecological environment.
But, in the last 30 years, the extensive development mode, whose price is consuming a great quantity of
energy and resources, has brought a series of problems to Henan province, such as the environmental
pollution and the uncoordinated regional development. The low urban ecological efficiency has
become the short-board and bottleneck of the ecological civilization construction in Henan province.
So, it is of great significance to solve the difficult problems between the economic development and the
resource and environment constraints in Henan province, to improve the ecological efficiency, and to
realize the symbiotic development of economy and environment.

The core of the ecological efficiency is to realize the maximum economic and social benefits
with the least consumption of resources and environments, so as to improve the quality of human
life and finally realize the sustainable economic development. German scholars Schaltegger and
Sturm first put forward the concept of “ecological efficiency” in 1990 [2]. This concept was further
expanded and popularized by the world business council for sustainable development (WBCSD) [3]
and the organization for economic co-operation and development (OECD) [4]. The effective ecological
efficiency evaluation is helpful to reveal the regional ecological situation and input–output level so as
to provide the theoretical basis for the ecological environment control. With regard to the research on
measuring the ecological efficiency, the academic circle has done a lot of productive work. Most of the
early studies on the ecological efficiency focused on the microcosmic enterprise [5] and industrial [6]
level. However, Hur et al. [7] and Seppäläa et al. [8] believed that the introduction of the ecological
efficiency into the evaluation of the regional and urban development was also of great significance
and value for its future development. In recent years, with the deterioration of the urban ecological
environment, the research on the urban ecological efficiency has become the attention focus of scholars
all over the world. Their research covers a variety of different levels of research objects and uses a lot
of useful measurement methods. As far as the research objects are concerned, the current evaluation
of the urban ecological efficiency involves many levels, including the international level, the nation
level, the urban agglomeration level, as well as the province and city level. Wursthorn et al. tried to
establish an urban ecological efficiency evaluation system suitable for the whole of Europe [9]. Taking
the ecological cities, Kitakyushu and Tianjin, as an example, Lin et al. made a comparative study on
the urban ecological efficiency level in Japan and China [10]. Zheng et al. measured the ecological
efficiency of China Mainland from 2000 to 2015 and characterized and predicted its spatial distribution
pattern [11]. Ren et al. compared and evaluated the economic efficiency and ecological efficiency
of the four major urban agglomerations in the eastern coastal areas and analyzed the temporal and
spatial evolution characteristics of the ecological efficiency of urban agglomerations [12]. Yang et al.
constructed an urban ecological efficiency evaluation system based on the factor analysis method, used
the super efficiency data envelopment analysis (SE-DEA) model to evaluate the ecological efficiency of
21 cities in Guangdong province from 2005 to 2014, and chose the fixed effect model to explore those
factors affecting the urban ecological efficiency [13].

As far as the research methods are concerned, several methods, such as the comprehensive
evaluation and the data envelopment analysis (DEA), are mainly used to measure the urban ecological
efficiency. The comprehensive evaluation method has the following advantages: it is simple and easy
to use; the factors considered in the bid evaluation are more all-round; it can quantify and compare
those elements which are difficult to be quantified; and so on. Because of its above advantages,
the comprehensive evaluation method has attracted the attention of a vast number of scholars.
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Giordano et al. used the fuzzy comprehensive evaluation method to measure the efficiency of the
urban ecological subsystem, and finally, progressively added each subsystem to get the ecological
efficiency of the whole urban system [14]. For the calculation of the multi-index input and multi-index
output efficiency of different types of decision-making units, the DEA model has currently become a
more widely used relative efficiency calculation model by the academic circle because it has advantages
such as ensuring the integrity of the original information to the greatest extent, not needing to make
the functional assumptions for variables in the comprehensive evaluation of the decision-making units
with the common characteristics, and so on. Fu et al. used the super efficiency data envelopment
analysis (SE-DEA) method to measure the ecological efficiency of each city from 2005 to 2010 [15].
Han et al. utilized the SBM-DEA model based on the undesirable output to calculate the ecological
efficiency of 44 cities around the Bohai Sea areas from 2005 to 2015 and used the panel threshold
regression model to analyze its influencing factors [16]. Hou et al. used the super-efficiency SBM-DEA
model to measure and calculate the urban ecological efficiency in China; on the basis of the temporal
comparative analysis and the spatial correlation analysis, they compared and analyzed the temporal
and spatial evolution pattern of the urban ecological efficiency, and discussed the temporal and spatial
dynamic evolution characteristics of the urban ecological efficiency [17]. Ma et al. calculated the
urban ecological efficiency of 30 regions in China, used the Malmquist index model to study the
dynamic change trend of the urban ecological efficiency, and applied the Tobit regression method and
the principal component analysis method to analyze the main factors affecting the urban ecological
efficiency [18]. Lo Storto combined the entropy evaluation method with the game cross-efficiency
model of the data envelopment analysis (DEA) to measure the urban ecological efficiency of 116 Italian
provincial capitals in 2011 [19].

Above all, the research findings of the domestic and foreign scholars on the measurement and
influencing factors of the urban ecological efficiency are fruitful. This provides a theoretical reference for
the study of this paper. However, the present research findings also have the following shortcomings.
First, in the aspect of the research method, the traditional DEA model is mostly used. It is not in
accordance with the actual production process and also violates the energy conservation law to measure
pollutants directly as an input factor. Second, in the aspect of the research object, most of the current
urban ecological efficiency measurements are concentrated in countries and the urban agglomeration,
neglect the heterogeneity of the regional development, and seldom focus on each prefecture-level city
in the same province, so as to make the calculation results biased. Moreover, the dynamic change
characteristics and the external influencing factors of the urban ecological efficiency are less explored.
The Tobit regression model was used in some literature, studying the influencing factors, but this
model has been proved to be prone to the biased results. Accordingly, this paper brings the pollutants
in the production process into the evaluation index system such as the undesirable output, uses the
SBM-DEA model containing the undesirable output and the Malmquist index model to measure the
urban ecological efficiency of 18 prefecture-level cities in Henan province from the dynamic and static
aspects, and utilizes the bootstrap regression model that can ensure the unbiased results to find out the
key influencing factors, so as to provide a certain theoretical support for the improvement of the urban
ecological efficiency in Henan province in the future.

2. Evaluation Framework of Urban Ecological Efficiency in Henan Province

2.1. Regional Overview

This paper takes Henan province as the research region (110◦21′–116◦39′ E, 31◦23′–36◦22′ N). It is
located in central China and covers 18 prefecture-level cities (Figure 1). It connects Anhui province and
Shandong province to the east, Hebei province and Shanxi province to the north, Shanxi province to the
west, and Hubei province to the south. It looks north to south and inherits the trend of east and west. It
covers an area of 167,000 square kilometers that account for 1.73% of the total national land area. It has
a permanent resident population of 95.59 million and a permanent resident population urbanization
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rate of 50.16% which is lower than the national average level. In 2017, the regional gross domestic
product (GDP) was 4.498816 trillion yuan, the per capita gross domestic product (GDP) was 47,130
yuan, ranking fifth and eighteenth, respectively. However, the resource and energy consumption is
huge, and the environmental pollution problem is serious. The total electricity consumption accounts
for more than 5% of the country, ranking sixth; the proportion of water resource consumption is about
3.87%, ranking 11th; and the air quality ranks the last one in the country [20]. The coexistence of
the high-input, low-output, and high-pollution phenomena is an important feature of the regional
development in Henan province.
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2.2. Model Method

The methodology used in this paper is as following. First, select and determine the decision-making
unit. The decision-making unit of this research is 18 prefecture-level cities in Henan province. Second,
collect the relevant researches on the urban ecological efficiency, and combine them with the actual
situation of the urban ecological efficiency development in Henan province so as to determine the input
and output indexes of the urban ecological construction. By determining whether the output index has
the undesirable output, the DEA method suitable for dealing with the urban ecological efficiency is
selected. Because this research contains the undesirable output, the SBM-DEA model, which is most
suitable for dealing with the undesirable output, was selected to obtain the static results of the urban
ecological efficiency in Henan province. Third, use the Malmquist index model to measure the dynamic
change process of the urban ecological efficiency in Henan province. Last, taking the measured urban
ecological efficiency in Henan province as the dependent variable, the main influencing factors of
the urban ecological efficiency in Henan province are found out by using the bootstrap regression
model. Combined with the static and dynamic efficiency results above, this paper puts forward some
policy suggestions to improve the urban ecological efficiency level in Henan province accordingly.
The specific implementation framework of the methodology of this research is shown in Figure 2.
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2.2.1. SBM-DEA Model Containing Undesirable Output

The production efficiency refers to the degree to which the average technical level of the industry
is reached in the production process of a production unit. The production efficiency can be measured
from the perspective of both input and output. In the case of the fixed input, the production efficiency
is measured by the degree to which output is maximized; in the case of the fixed output, the production
efficiency is measured by the degree to which input is minimized (Farrell, 1957) [21]. The production
efficiency is initially measured quantitatively by the ratio of output to input, but this efficiency solution
method is only suitable for the case of single input and single output. This method is no longer
applicable if the production process involves more than one input or output. In order to solve the
problem, Charnes, Cooper, and Rhodes of the U.S.A put forward the data envelopment analysis (DEA)
method in 1978, that is, a nonparametric statistical method to evaluate whether some decision-making
units with the same type of multiple inputs and multiple outputs are relatively effective [22]. Because the
DEA method has characteristics such as the wide application range and the relatively simple principle,
it has gradually become the mainstream method of the efficiency measurement. The traditional DEA
model sets the output index as the desirable “good output”. However, in the process of the urban
development, in addition to the products people need (the desirable output), some by-products that
people do not need, for example the undesirable output, such as pollution and garbage, will also be
produced. How to reasonably evaluate the urban ecological efficiency problem in the presence of the
undesirable output has become a difficult point in DEA analysis. In order to solve the undesirable
output problem, the academic circle has explored a variety of processing methods, including the
positive attribute conversion method, the input–output transposition method and the directional
distance function method. But these methods do not consider the slack problem of input–output
variables. For this reason, Tone put forward the SBM model processing method. Based on the SBM
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model considering the slack problem of input–output variables, he established an SBM model to deal
with the undesirable output in 2001 [23]. With the help of Tone’s model method, we established a
SBM-DEA model containing the undesirable output to measure the urban ecological efficiency in
Henan province.

The basic principle is as following: assume that the urban ecological efficiency evaluation system
has n decision-making units (DMU), and each decision-making unit includes three input–output
vectors, that is, the input vector, the desirable output vector, and the undesirable output vector, which
are expressed respectively as: x ∈ RK, yg = RI, yd = RJ. Define three matrices: X, Yd, Yu, and their
equation is X =

(
xi, j

)
∈ RK×n, Yd =

(
yi, j

)
∈ RI×n, Yu =

(
yi, j

)
∈ RJ×n respectively. Thereinto, X > 0,

Yd > 0, Yu > 0. The production possibilities set P is defined as

P =
{
x, yd, yu

∣∣∣x ≥ Xλ, yd
≤ Yλ, yu

≥ Yλ,λ > 0
}

(1)

According to the SBM model processing method proposed by Tone, the SBM model with the
undesirable output can be written as:

ρ∗ =
1− 1

K

K∑
κ=1

s_
k

xk0

1+ 1
I+J

(
I∑

i=1

sd
i

yd
i0
+

J∑
i=1

su
i

yu
i0

)

s.t.



xk0 =
M∑

m=1
λmxkm + s−k , k = 1, 2, . . . , K

yd
i0 =

M∑
m=1

λmyd
im − sd

i , i = 1, 2, . . . , I

yu
i0 =

M∑
m=1

λmyu
im + su

i , i = 1, 2, . . . , J

1 =
M∑

m=1
λm

λm ≥ 0, s−k ≥ 0, sd
i ≥ 0, su

i ≥ 0

(2)

In the Equation (2), p * is the urban ecological efficiency value to be measured in Henan province,
and its value range is 0–1; K, I, and J represent the variable number of input, the desirable output,
and the undesirable output, respectively; s−k , sd

i , su
i represents the slack variable of input, the desirable

output, and the undesirable output, respectively; xk0, yd
i0, yu

i0 represents the quantity of input, the
desirable output, and the undesirable output, respectively; λm is the weight coefficient. When p * = 1,
it shows that DMU is fully valid, and at this moment su

i , sd
i , su

i are all zero; when p * > 1, it shows that
DMU has a loss of efficiency, and it is necessary to improve the ecological efficiency by optimizing

xk0, yd
i0, yu

i0. If
J∑

i=1

su
i

yu
i0

= 0, the above equation then becomes an SBM model that does not consider the

undesirable output.

2.2.2. Malmquist Index Model

The Malmquist index model was first proposed by Swedish economist and statistician Malmquist
S. in 1953 [24]. In 1992, Färe et al. combined it with the data envelopment analysis (DEA) method,
which makes the Malmquist index model widely used [25]. The principle of the Malmquist index
model is as following:

MI
(
xt+1, yt+1; xt, yt

)
=

Dt+1
0

(
xt+1, yt+1

)
Dt

0(x
t, yt)

 Dt
0

(
xt+1, yt+1

)
Dt+1

0 (xt+1, yt+1)
∗

Dt
0

(
xt, yt

)
Dt+1

0 (xt, yt)


1/2

(3)

In the Equation (3), xt and xt+1 represents the input vector during t and t + 1 period, respectively;
yt and yt+1 represents the output vector during t and t + 1 period, respectively; Dt

0

(
xt, yt

)
is the technical
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efficiency level of t period expressed in the technology of t period; Dt+1
0

(
xt, yt

)
is the technical efficiency

level of t + 1 period expressed in the technology of t period; Dt
0

(
xt+1, yt+1

)
is the technical efficiency

level of t period expressed in the technology of t + 1 period; Dt+1
0

(
xt+1, yt+1

)
is the technical efficiency

level of t + 1 period expressed in the technology of t + 1 period.
The Malmquist index (MI) can be decomposed into the technical efficiency change (TEC) index

and the technological progress (TP) index, and the equation is as following:

MI
(
xt+1, yt+1; xt, yt

)
=

[
Dt

0(xt+1,yt+1)
Dt

0(x
t,yt)

∗
Dt+1

0 (xt+1,yt+1)
Dt+1

0 (xt,yt)

]1/2

=
Dt+1

0 (xt+1,yt+1)
Dt

0(x
t,yt)

[
Dt

0(xt+1,yt+1)
Dt+1

0 (xt+1,yt+1)
∗

Dt
0(xt,yt)

Dt+1
0 (xt,yt)

]1/2

= TEC
(
xt+1, yt+1; xt, yt

)
∗ TP

(
xt+1, yt+1; xt, yt

) (4)

when MI > 1, it shows that the efficiency from t period to t + 1 period has been increased; conversely,
when MI < 1, it shows that the efficiency from t period to t + 1 period has reduced. When TEC > 1, it
shows that the technical efficiency from t period to t + 1 period has been increased; conversely, when
TEC < 1, it shows that the technical efficiency from t period to t + 1 period has reduced. When TP > 1,
it shows that technology has advanced from t period to t + 1 period; conversely, when TP < 1, it shows
that technology has lagged behind from t period to t + 1 period.

2.2.3. Bootstrap Regression Model

The value range of the urban ecological efficiency is 0–1, and it belongs to the truncated data.
If the least square method is directly used for the regression analysis, the results will be biased and
inconsistent. Simar and Wilson proved that the classic Tobit regression model for processing the
truncated data is not suitable for testing the decisive factors of efficiency, and accordingly proposed the
bootstrap regression model, which can minimize the uncertainty of data and the statistical noise to
overcome this limitation [26].

So, this paper uses the bootstrap regression model to estimate the parameters of the influencing
factors of the urban ecological efficiency. After using the SBM-DEA model to measure and calculate
the urban ecological efficiency of 18 prefecture-level cities in Henan province, this paper establishes
the DEA-bootstrap two-step method to further explore the external influencing factors of the urban
ecological efficiency. The specific method is to establish a regression model by using the urban ecological
efficiency value calculated through DEA as the dependent variable and using each influencing factor
as the independent variables.

The basic expression of the bootstrap regression model is:

θi = ziβ+ εi (5)

In the Equation (5), θi is the explained variable, β is the regression parameter, zi is the explanatory
variable, εi obeys the normal distribution of N(0, δ2), i = 1, 2,..., n.

2.3. Construction of Index System and Data Sources

2.3.1. Evaluation Index Selection

The urban ecological efficiency reflects the coordinated and win–win relationship among the
resource saving, the environmental protection, and the economic growth. Therefore, while selecting
the input index, besides the labor force, capital, and land, this paper considers the energy consumption
quantity as an important input factor in order to comprehensively investigate the resource cost and
the environmental costs of the regional economic development. Meanwhile, it uses the regional gross
domestic product as the desirable output, and uses the discharge quantity of three industrial wastes as
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the undesirable output, so as to construct the index system of the urban ecological efficiency in Henan
province (Table 1).

Table 1. Evaluation index system of urban ecological efficiency in Henan province.

Index Variable Variable Declaration

input index (xk0)

labor force input (x1) number of employed persons in employment units of
cities and towns (10,000 person)

capital input (x2) total sum of fixed asset investment of whole society
(100 million yuan)

land resource input (x3) area of urban built-up districts (square kilometer)

energy input (x4) annual electricity consumption (100 million
kilowatt hour)

desirable output (yd
i0) economic aggregate (y1) gross domestic product (GDP) (100 million yuan)

undesirable output (yu
i0) environmental pollution (y2)

industrial waste water discharge quantity (10,000 ton)
industrial sulfur dioxide discharge quantity (ton)

industrial smoke (powder) dust discharge
quantity (ton)

The input index selects the regional year-end number of employed persons in the employment
units of cities and towns as the labor force input [15]; the capital input is expressed by the fixed asset
investment of the whole society [12]; the land resource and energy input are measured by the area of
the urban build-up districts and the regional electricity consumption, respectively [27].

The output index selects the regional gross domestic product, which is widely used and
representative, to reflect the value of products or services provided by the economic entity.
The environmental pollution, as the undesirable output of the economic activity process, reduces the
actual economic value [28], so it is more reasonable to include it in the output index than in the input
index. The industrial waste water discharge quantity, the industrial sulfur dioxide discharge quantity,
and the industrial smoke (powder) dust discharge quantity were selected to measure the undesirable
output [29]. The descriptive statistics on the input and output indexes are shown in Table 2.

Table 2. Analysis results of descriptive statistics on the input and output index of urban ecological
efficiency in Henan province.

Variable Standard
Deviation Average Value Maximum Value Minimum Value

number of employed persons in
employment units of cities and towns

(10,000 person)
30.517 47.325 200.850 6.170

total sum of fixed asset investment of
whole society (100 million yuan) 1006.588 1071.414 7070.370 68.948

area of urban built-up districts
(square kilometer) 75.038 91.582 457.000 24.260

annual electricity consumption (100
million kilowatt hour) 104.477 128.168 504.920 15.327

gross domestic product (GDP) (100
million yuan) 1141.653 1399.755 8113.970 144.328

industrial waste water discharge
quantity (10,000 ton) 4496.714 7119.653 21807.000 670.000

industrial sulfur dioxide discharge
quantity (ton) 53104.003 62809.771 304570.000 1917.000

industrial smoke (powder) dust
discharge quantity (ton) 28458.158 31998.875 172219.000 1114.000

2.3.2. Research Object and Data Sources

The research object of this paper is 18 prefecture-level cities in Henan province, including Kaifeng,
Shangqiu, and Zhoukou in Eastern Henan; Luoyang and Sanmenxia in Western Henan; Nanyang,
Zhumadian, and Xinyang in Southern Henan; Anyang, Xinxiang, Jiaozuo, Puyang, Hebi, and Jiyuan
in Northern Henan; Zhengzhou, Pingdingshan, Xuchang, and Luohe in Central Henan. The data in
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this paper mainly comes from the statistical yearbook of Henan province (2006–2017) [30], the urban
statistical yearbook of China (2006–2017) [31] and the statistical yearbook of urban construction in
China (2006–2017) [32], and the supplement of the pollutant data is supplied by the environmental
statistics communique of Henan province. Finally, the panel data of 18 prefecture-level cities in Henan
province from 2005 to 2016 was obtained by collating and summarizing the data for the urban ecological
efficiency analysis.

3. Measurement and Evaluation of Urban Ecological Efficiency in Henan Province

This paper applies MaxDEA Ultra7 software, from the perspective of the output orientation
(adjustment), and uses the SBM-DEA model containing the undesirable output to measure the urban
ecological efficiency of 18 prefecture-level cities in Henan province from 2005 to 2016 and calculates
the Malmquist index. The results are shown in Figure 3. Thereinto, the comprehensive technical
efficiency can be decomposed into two parts, that is, the pure technical efficiency and the scale efficiency.
Furthermore, the three have the following relationship: comprehensive technical efficiency = pure
technical efficiency × scale efficiency.
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Figure 3. Urban ecological efficiency in Henan province from 2005 to 2016 and its decomposition.

3.1. Analysis on Evolution of Temporal and Spatial Pattern of Urban Ecological Efficiency in Henan Province

3.1.1. Analysis on Temporal Evolution of Urban Ecological Efficiency in Henan Province

First, the comprehensive technical efficiency is low in the mass, but shows a fluctuating growth
trend. According to the average value of the urban ecological efficiency of Henan province from 2005
to 2016 (Figure 3), it was shown that the overall average value of the urban ecological efficiency in
Henan province from 2005 to 2016 was a low level of 0.768, but presented a fluctuating growth trend in
the mass. There were two declines during the period. The first significant decline was because the 2008
financial crisis had a great impact on the economic development level and made the urban ecological
efficiency show a downward trend, which was reflected in the decrease in the average value of the
urban ecological efficiency from 0.783 in 2007 to 0.709 in 2009. The second decline was because the
rapid economic development increased the pressure on the urban environment, which was reflected in
the decline in the urban ecological efficiency value from 0.829 in 2011 to 0.776 in 2013. The average
value of the urban ecological efficiency in Henan province began to rise steadily from 2013 to 2016
and reached 0.847 in 2016. This shows that in recent years, with the economic development and the
progress of science and technology, all kinds of pollution treatment equipment have been put into
the environmental control; meanwhile, with the continuous deepening of national emphasis on the
ecological civilization, the Henan provincial government has actively responded to the national call
and issued a series of pollution control policies whose effect is obvious.
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Second, the changes of the pure technical efficiency and the comprehensive technical efficiency
are basically synchronous but are lower than the scale efficiency as a whole. The annual average value
of the scale efficiency of the urban ecological efficiency in Henan province from 2005 to 2016 was 0.888,
while that of the pure technical efficiency was 0.878. But after 2013, the gap between the two had
begun to narrow, and the pure technical efficiency even exceeded the scale efficiency to a higher level
of 0.932 in 2015. However, at present, the lower pure technical efficiency is the main reason for the
lower comprehensive technical efficiency of the urban ecology. Elevating the pure technical efficiency
level is still an important breakthrough to improve the urban ecological level in Henan province.

3.1.2. Spatial Pattern Distribution of Urban Ecological Efficiency in Henan Province

According to the common geographical orientation, Henan province is divided into five regions:
Eastern Henan, Western Henan, Southern Henan, Northern Henan, and Central Henan. In Figure 4,
to judge from the comprehensive technical efficiency value of the urban ecological efficiency, the urban
ecological efficiency of the five regions shows the following distribution characteristics:
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Figure 4. Urban ecological efficiency of each prefecture-level city in Henan province from 2005 to 2016
and its decomposition.

First, there is a significant difference in the urban ecological efficiency level among the five regions.
From 2005 to 2016, the urban ecological efficiency value in the five regions of Henan province was,
respectively, 0.875 in Eastern Henan, 0.911 in Western Henan, 0.840 in Southern Henan, 0.562 in
Northern Henan, and 0.870 in Central Henan. Thereinto, the difference between Western Henan, with
the highest urban ecological efficiency value, and Northern Henan, with the lowest urban ecological
efficiency value of 0.349, indicated that the urban ecological efficiency level of the five regions presented
significantly different. This may be related to the natural geographical orientation and the city type of
Henan province. Northern Henan is connected with two major resource provinces, Hebei and Shanxi,
and its environment is greatly affected by the surrounding areas; at the same time, most cities in
Northern Henan are the resource-based cities with more developed industry, so its ecological efficiency
ranking is at the end of the province.

Second, there is an obvious difference in the ecological efficiency among each prefecture-level city
in the five regions of Henan province, and the level of their resource allocation and environmental
control is uneven. Thereinto, the urban ecological efficiency value of Zhoukou in Eastern Henan
reached the effective level of 1, while that of Shangqiu was less than 0.8; the urban ecological efficiency
value of Zhumadian in Southern Henan was more than 0.9, while that of Nanyang was less than 0.8;
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the urban ecological efficiency value of Xuchang in Central Henan reached the effective level of 1, while
those of Pingdingshan and Zhengzhou were less than 0.8; the gap between the ecological efficiency of
each prefecture-level city in Western Henan and Northern Henan was small.

From the perspective of the efficiency value decomposition, the urban ecological efficiency in
Henan province presents the following characteristics:

First, the driving factors of the urban ecological efficiency in the five regions are different. It can be
found from Figure 3 that the scale efficiency is the main driving factor of the urban ecological efficiency
in Eastern Henan and Northern Henan, and the pure technical efficiency is the main driving factor of
the urban ecological efficiency in Western Henan, Southern Henan, and Central Henan. Therefore,
for Eastern Henan and Northern Henan, the improvement of the pure technical efficiency is the key
to elevate their urban ecological efficiency; while for Western Henan, Southern Henan, and Central
Henan, the improvement of the scale efficiency will elevate their urban ecological efficiency level to a
more effective level.

Second, the driving factors of the urban ecological efficiency in each region are inconsistent.
According to the size of the pure technical efficiency value and the scale efficiency value, there are
three categories: the first category is called the balanced-development type, that is, the pure technical
efficiency value is equal to the scale efficiency value, mainly including two cities, Zhoukou and Xuchang;
the second category is called the technology-oriented type, that is, the pure technical efficiency value
is higher than the scale efficiency value, mainly including nine cities, Kaifeng, Luoyang, Sanmenxia,
Nanyang, Puyang, Hebi, Jiyuan, Zhengzhou, and Luohe; the third category is called the scale-oriented
type, that is, the pure technical efficiency value is lower than the scale efficiency value, mainly including
seven cities, Shangqiu, Zhumadian, Xinyang, Anyang, Xinxiang, Jiaozuo, and Pingdingshan.

3.2. Temporal and Spatial Change Characteristics of Malmquist Index of Urban Ecological Efficiency in
Henan Province

This paper applies the DEA-Malmquist index model to measure and calculate the Malmquist
index of the urban ecological efficiency in Henan province from 2005 to 2016, and decomposes it into
the efficiency change index and the technological progress index, in order to observe the dynamic
change situation of the ecological efficiency. The results are shown in Figures 5 and 6.
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3.2.1. Temporal Evolution of Malmquist Index of Urban Ecological Efficiency

First, the Malmquist index of the urban ecological efficiency in Henan province shows a fluctuating
growth trend. The Malmquist index of the urban ecological efficiency in Henan province increased
by an average of 3.4% a year from 2005 to 2016, which indicated that the urban ecological efficiency
in Henan province was in an upward trend as a whole and the resource utilization degree of each
prefecture-level city was rising continuously. Through the specific analysis, it can be found that the
Malmquist index of the urban ecological efficiency in Henan province had appeared in three negative
growth situations during the 12 years from 2005 to 2016, which were from 2008 to 2009, from 2011 to
2012, and from 2012 to 2013, respectively, when there were a negative growth of Malmquist index less
than 1. From 2008 to 2009, this period was mainly affected by the financial crisis, and the economic
output of the whole city fell sharply. Since the rapid economic recovery in 2010, a large number of
pollutants were discharged into cities, and the urban ecological efficiency level had declined. In 2016,
with the continuously increasing efforts of Henan provincial government on the environmental control,
various environmental policies were issued to greatly improve the urban ecological efficiency in
Henan province in 2016, and the Malmquist index of the ecological efficiency increased by as high as
24.1% annually.

Second, the increase of the technological progress index is bigger than that of the efficiency change
index, but the technological progress index fluctuates greatly. It can be found in Figure 4 that the
average annual growth rate of the technological progress index and the efficiency change index during
the 12 years from 2005 to 2016 was 2.3% and 1%, respectively. This indicates that with the progress of
society, people pay more and more attention to the urban ecological efficiency, and the development of
science and technology is a more important driving factor for the improvement of the urban ecological
efficiency level. Meanwhile, it should be noted that the fluctuation amplitude of the technological
progress index is as high as 29.1%. This shows that the stability of the current urban science and
technological level is not high, and the level of science and technology fluctuates greatly. Therefore,
Henan province should try its best to maintain the principle of the equal emphasis on the stability and
growth of the technological progress in the later process of improving the urban ecological efficiency

3.2.2. Regional Distribution of Malmquist Index of Urban Ecological Efficiency

When analyzing the Malmquist index of the urban ecological efficiency in Henan province and its
decomposition situation from the perspective of the five regions, the main characteristics are as follows:

First, the change of the Malmquist index of the urban ecological efficiency in Eastern Henan
and Central Henan is stable. The technological progress index, the efficiency change index, and the
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Malmquist index in Eastern Henan and Central Henan basically kept at the level of 1. This indicates
that their urban ecological efficiency level have originally reached a higher level, and in recent years it
has basically entered the state of constant or decreasing returns of scale, so as to make the Malmquist
index of the innovative efficiency in the whole regions keeping at 1, neither increasing nor decreasing.

Second, the Malmquist index of the urban ecological efficiency in Southern Henan and Northern
Henan is in the situation of low growth. The Malmquist index in Southern Henan and Northern Henan
was 1.015 and 1.042, respectively, which indicates that the urban ecological efficiency in Southern Henan
and Northern Henan is in an upward trend in the mass. The average annual growth rate of the total
factor productivity in Southern Henan and Northern Henan was 1.5% and 4.2%, respectively, which
indicates that the utilization degree of all kinds of factors is higher in the regional innovative construction.
For Southern Henan, the technological progress contributed 2.5% and the efficiency change decreased
by 0.1%. This indicates that the technological level in this region is rising, but the efficiency of resource
management is declining, and there is a phenomenon of the excessive investment in the innovative
resources. For Northern Henan, the technological progress contributed 3.0% and the efficiency change
contributed 0.12%. This indicates that the urban ecological efficiency in Northern Henan was originally at
the bottom of the province, and the situation of the low urban ecological efficiency of the whole region
has been improved through promoting technology and the management efficiency in recent years.

Third, the Malmquist index of the urban ecological efficiency in Western Henan is in the situation
of high growth. The technological progress index, the efficiency change index, and the Malmquist
index in Western Henan were 1.082, 1.042, and 1.128, respectively, showing that the average annual
growth rate of the urban ecological efficiency in Western Henan was as high as 12.8% during the 12
years. Thereinto, the technological progress contributed 8.2% and the efficiency change contributed
4.2%, indicating that Western Henan is in the leading position of the province in the improvement of
the urban ecological efficiency level and its urban ecological civilization level is greatly improved.

Fourth, when analyzing the Malmquist index of the urban ecological efficiency in Henan province
and its decomposition situation from the perspective of the 18 prefecture-level cities in the five regions
of Henan province, the following characteristics can be obtained according to Figure 6.

The growth rate of the Malmquist index of the ecological efficiency of each prefecture-level city in
the five regions presents a decreasing trend. The Malmquist index of the urban ecological efficiency is
divided into three grades: the high growth (MI ≥ 1.3), the medium and low growth (1 ≤MI < 1.3), and
the negative growth (MI < 1). Based on this, the spatial distribution map of the Malmquist index of the
urban ecological efficiency of each prefecture-level city in Henan province from 2005 to 2006 and from
2015 to 2016 is drawn by using GIS10.20 software, as shown in Figure 7.
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From the change situation of the Malmquist index from 2005 to 2006 and from 2015 to 2016, it
can be found that Zhumadian had been in the negative growth state, while Hebi, Jiaozuo, Zhoukou,
Shangqiu, and Xuchang had been in the medium and low growth situation; Luoyang and Jiyuan had
changed from the high growth to the medium and low growth, and Sanmenxia had changed from
the medium and low growth to the negative growth; Nanyang, Zhengzhou, Xinxiang, Anyang, and
Puyang had changed from the medium and low growth to the high growth, Pingdingshan and Luohe
had changed from the negative growth to the high growth, and Xinyang and Kaifeng had changed
from the negative growth to the medium and low growth. In a word, the Malmquist index of the
urban ecological efficiency of each prefecture-level city in Henan province is presenting a rising state
as a whole, which indicates that the urban ecological civilization construction in Henan province has
achieved the remarkable results in recent years, and the policy effect has begun to appear.

4. Analysis on Influencing Factors of Urban Ecological Efficiency in Henan Province

The estimation results of the SBM-DEA model containing the undesirable output show that the
overall ecological efficiency of 18 prefecture-level cities in Henan province is low and has not reached
the effective level. Therefore, it is necessary to further find out the possible influencing factors of the
low urban ecological efficiency in Henan province. Simar and Wilson pointed out that, because the
input and output variables were related to the explanatory variables, it would result in the biased
and inconsistent results to use the OLS regression method and the Tobit regression model to analyze
the influencing factors of the efficiency in the second stage. Consequently, they used the bootstrap
regression method to overcome this defect [26] and took the urban ecological efficiency value measured
in the first stage as the explained variable for the regression analysis. Combined with the study of
Wang et al. [33], Qian [34] and Wang et al. [35], considering the accessibility of regional indicators, this
paper analyzes the selected variables from those aspects of the economic scale, the industrial structure,
the level of opening to the outside world, the urban population density, the urban greening level,
and the governmental financial support. Thereinto, the economic scale is expressed by the ratio of
GDP of each prefecture-level city to the national GDP (X1); the industrial structure is expressed by the
ratio of the industrial added value to GDP of each prefecture-level city (X2); the level of opening to
the outside world is expressed by the proportion of the total foreign investment actually utilized in
GDP (X3); the urban population density is expressed by the ratio of the total population of municipal
districts to the built-up district area (X4); the urban greening level is expressed by the ratio of the
green space coverage area in each region to the population number of municipal districts (X5); and the
governmental financial support is expressed by the proportion of the regional fiscal expenditure in
GDP of each prefecture-level city (X6). All data comes from the statistical yearbook of Henan province
(2006–2017) [30], the urban statistical yearbook of China (2006–2017) [31] and the statistical yearbook
of urban construction in China (2006–2017) [32]. The descriptive statistics on the raw data of the
influencing factors are shown in Table 3:

Table 3. Analysis results of descriptive statistics on the influencing factors of urban ecological efficiency
in Henan province.

Variable Average Value Maximum Value Minimum Value Standard Deviation

economic scale 0.310 1.090 0.071 0.200
industrial structure 47.196 70.338 23.631 11.273

level of opening to the outside world 0.298 1.077 0.018 0.223
urban population density 7.746 26.769 1.218 5.322

urban greening level 30.813 83.141 8.125 13.565
governmental financial support 12.759 21.237 6.055 3.532
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According to the study of Simar and Wilson [26], this paper constructs the following bootstrap
regression model:

TEi,t = C + β1ESi,t + β2ISi,t + β3FDIi,t + β4DPi,t + β5GLi,t + β6GOVi,t + εi,t (6)

In the Equation (6), TEi,t represents the comprehensive ecological efficiency value of region i
in year t; the explained variables ESi,t, ISi,t, FDIi,t, DPi,t, GLi,t, and GOVi,t represent the economic
scale, the industrial structure, the level of opening to the outside world, the urban population density,
the urban greening level, and the governmental financial support of region i in year t respectively;
C is a constant term; β1, β2, β3, β4, β5, β6 is the regression coefficient of the respective variable; i
represents a particular region (i = 1, 2, . . . , 18); t represents a particular year (t = 2005, 2006,..., 2016);
εi,t is a random interference term. The stata11 software is used to carry out the bootstrap regression
analysis, and the results are shown in Table 4.

Table 4. Bootstrap regression results of influencing factors of urban ecological efficiency in
Henan province.

Variable Coefficient Standard Error Z Value P Value

economic scale 0.171 0.187 0.914 0.360
industrial structure −0.002 0.005 −0.402 0.686

level of opening to the outside world 0.596 *** 0.198 3.016 0.003
urban population density 0.042 *** 0.008 5.229 0.000

urban greening level 0.005 ** 0.002 2.374 0.018
governmental financial support −0.002 ** 0.013 −2.146 0.032

constant term −0.336 0.232 −1.451 0.149

Note: * represents 10% significance level, ** represents 5% significance level, *** represents 1% significance level.

As can be seen from Table 4, the significance level of the four factors, including the level of opening
to the outside world, the urban population density, the urban greening level, and the governmental
financial support, is all below 10%. Thereinto, the governmental financial support has a negative
impact on the urban ecological efficiency in Henan province; the level of opening to the outside
world, the urban population density, and the urban greening level have a positive impact on the
urban ecological efficiency in Henan province. The economic scale has a positive impact on the urban
ecological efficiency in Henan province, and the industrial structure has a negative impact on the urban
ecological efficiency in Henan province, but the significance of the two is not obvious.

The impact of the economic scale and the industrial structure on the urban ecological efficiency is
not significant. The coefficient of the economic scale is 0.171 and it has not passed the significance test.
On one hand, according to the environmental Kuznets curve, there is a U-shaped relationship between
the economic development level and the ecological efficiency, which indicates that with the growth of
the economic development level, the ecological efficiency declines to a certain point and then rises. This
is in line with the economic development situation of Henan province. In the initial stage, the economic
development mode of Henan province was the extensive development, which paid more attention to
the GDP growth and paid less attention to the ecological efficiency. In recent years, with the influence
of the environmental pollution on people’s production and life, the ecological problem has been paid
more and more attention. While ensuring the economic growth, the ecological efficiency has also been
improved. On the other hand, continuing developing economy will inevitably consume a great deal of
energy, produce the excessive pollution discharge, resulting in the excessive undesirable output and
having a negative effect on the improvement of the regional urban ecological efficiency. The joint role
of the two makes the regional economic scale have a positive impact on the urban ecological efficiency,
but the correlation is not strong. The coefficient of the industrial structure is −0.002 and has not passed
the significance test, which indicates that the more the industrial added value, the lower the regional
urban ecological efficiency. As a big traditional agricultural province, Henan province has begun to
undertake a large number of the industrial industries from many countries and the eastern developed
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provinces and cities in order to promote the regional economic growth in recent years. On one hand,
the development of industry has promoted the improvement of the economic development level
in Henan province; on the other hand, it needs a great deal of resource and energy input, and the
degree of its damage to the regional ecological environment is obvious. Hence, the industrial structure
has a negative impact on the urban ecological efficiency in Henan province, but the significance is
not obvious.

The governmental financial support has a negative impact on the urban ecological efficiency
in Henan province. The coefficient of the governmental financial support is −0.002 and has passed
the 5% significance test, which shows that the governmental financial support has a negative impact
on the improvement of the urban ecological efficiency in Henan province. With the development of
the urban ecological civilization, governments in each region have begun to increase the financial
input (including the investment in the environmental control), but this has not brought the obvious
improvement effect on the environmental system in Henan province. The reason is that the idea of
the environmental pollution before the environmental control in each region brings the result that the
marginal benefit of the governmental financial input is not significant, and the environmental control
effect is much lower than the environmental deterioration speed. In addition, due to the failure of the
current environmental protection policy and the poor green drainage effect, the utilization efficiency
of the governmental financial fund is not high, so as to accelerate the environmental pressure of the
urban development and make the governmental financial support become an obstacle factor for the
improvement of the urban ecological efficiency.

The level of opening to the outside world, the urban population density, and the urban greening
level have a positive impact on the improvement of the urban ecological efficiency in Henan province.
The coefficient of the level of opening up to the outside world in the region is 0.596 and has passed the 1%
significance test, which shows that the higher the actual utilization level of the foreign investment in the
region, the higher the urban ecological efficiency level. Most of the foreign investment is concentrated
in the capital-intensive and technology-intensive enterprises. On one hand, these enterprises will
greatly promote the regional economic development level; on the other hand, they will also bring the
advanced environmental control technology to the environmental pollution, improve the regional
ecological level, and enormously promote the improvement of the urban ecological efficiency in Henan
province. The coefficient of the urban population density is 0.042 and has also passed the significance
test of 1%. This shows that the consumption demand of cities with a high population density is huge,
which promotes the growth of the urban economy; at the same time, it will also require a higher-quality
urban environment and ultimately improve the urban ecological efficiency. The coefficient of the urban
greening level is 0.005 and has passed the significance test of 5%, which shows that the higher the
urban greening level, the stronger the urban purification ability, and the more conducive to improving
the urban ecological efficiency.

5. Conclusions and Policy Suggestions

5.1. Conclusions

This paper uses the SBM-DEA method containing the undesirable output and the Malmquist
index model to fully evaluate the urban ecological efficiency level in Henan province during the period
of 2005–2016 via both the static and dynamic analysis. Based on this, the bootstrap regression model is
applied in analyzing the influencing factors of the urban ecological efficiency. The research shows that:

(1) The urban ecological efficiency in Henan province is low in the mass but presented a fluctuating
growth trend. The annual average value of the urban ecological efficiency in Henan province was
only 0.768 but presented a fluctuating growth trend. The resource utilization level of the urban
ecological construction was rising continuously. The annual average value of the scale efficiency
of the urban ecological efficiency in Henan province from 2005 to 2016 was 0.888, while that of
the pure technical efficiency was 0.878. But after 2013, the gap between the two had begun to
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narrow. The Malmquist index of the urban ecological efficiency in Henan province increased by
an average of 3.4% a year, which indicated that the utilization degree of the ecological resource
of each prefecture-level city in Henan province was rising continuously. Thereinto, the average
annual growth rate of the technological progress index and the efficiency change index was 2.3%
and 1%, respectively. The Malmquist index growth of the urban ecological efficiency in Henan
province is mainly due to the technological progress, but it fluctuates greatly.

(2) There is an obvious regional difference in the urban ecological efficiency in Henan province.
There is a significant difference in the urban ecological efficiency level among the five regions in
Henan province. From 2005 to 2016, the comprehensive technical efficiency value of the urban
ecological efficiency in the five regions of Henan province was 0.875 in Eastern Henan, 0.911
in Western Henan, 0.840 in Southern Henan, 0.562 in Northern Henan, and 0.870 in Central
Henan, respectively. Thereinto, the difference between Western Henan with the highest urban
ecological efficiency value and Northern Henan with the lowest urban ecological efficiency
value was 0.349. The Malmquist index of the urban ecological efficiency in Eastern Henan and
Central Henan basically kept in the stable state of 1; the Malmquist index of the urban ecological
efficiency in Southern Henan and Northern Henan was growing at a low speed of 1.5% and 4.2%,
respectively; the average annual growth rate of the Malmquist index of the urban ecological
efficiency in Western Henan was as high as 12.8%. Meanwhile, 18 prefecture-level cities of
Henan province were divided into three categories according to their main driving factors: the
balanced-development type, the technology-oriented type, and the scale-oriented type.

(3) The governmental financial support has a negative impact on the urban ecological efficiency in
Henan province; the level of opening to the outside world, the urban population density, and the
urban greening level have a positive impact on the urban ecological efficiency in Henan province.
The economic scale has a positive impact on the urban ecological efficiency in Henan province,
and the industrial structure has a negative impact on the urban ecological efficiency in Henan
province, but the significance of the two is not obvious.

5.2. Policy Suggestions

Based on the above analysis and the present policies, this paper puts forward the following
policy suggestions:

(1) Different strategies for improving the urban ecological efficiency should be adopted according to
the actual situation of different regions in Henan province. Among the five regions of Henan
province, Central Henan with Zhengzhou as the center and Western Henan with Luoyang as
the center have a higher level of economic development, the advanced technology, and a pool
of talents, and accordingly should take the energy-saving and emission-reduction technology
development as the key point. Northern Henan should strive to change the economic development
mode from the extensive development mode of “high-production and high-emission” to the
intensive development mode, and improve the urban ecological efficiency through such measures
as the industrial structure adjustment, the implementation of mandatory punishment to the
heavily polluted industries, and the closure of the illegal pollution discharge enterprises. Eastern
Henan and Southern Henan should realize that a good natural environment is an important
driving force for the economic development, and cautiously choose and undertake the industrial
transfer according to their own resource endowment and actual situation. In addition, Henan
province should promote the overall improvement of the urban ecological efficiency from the
perspective of the overall situation by such measures as strengthening the communication
and cooperation among different regions and constructing a convenient and fast channel of
technology popularization.
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(2) Henan province should upgrade the level of the opening to the outside world in an all-round
way. Specifically, Henan province may attract the foreign investment with the help of the
unique advantages of Zhengzhou airport area and the Central Plains urban agglomeration
construction, optimize the trade export structure, transform from the processing export trade
with high-pollution and high-emission to the innovative export industry with high-technology
and low-pollution, so as to improve the urban ecological efficiency level in Henan province and
achieve the overall goal of the sustainable development.

(3) Henan province should moderately increase the urban population number. Around the central
cities such as Zhengzhou and Luoyang, Henan province should push forward the citizenization
process of migrant workers to enlarge the urban population scale. In recent years, the population
of Henan province, especially the scientific and technological innovation talents, has been facing
a serious outflow problem. To solve this problem, Henan province should optimize the policy
system of the talent introduction, construct various innovative and entrepreneurial platforms for
the talent development, and give priority to the talent introduction work, so as to form a good
atmosphere of “respecting labor, respecting knowledge, and respecting talents” in the whole
society and then enhance the attraction of Henan province to the outstanding talents and lay a
good talent foundation for the improvement of the urban ecological efficiency.

(4) Henan province should change the governmental development idea. The weight of the economic
indicators such as GDP and the fiscal revenue in the governmental performance appraisal
mechanism should be moderately decreased and that of the environmental control and the
ecological protection should be greatly increased. The development idea of emphasizing economy
over environment should be effectively reversed. The reward and punishment mechanism to
promote the green ecological development of local governments should be constructed to provide
the system guarantee for changing the governmental development idea.
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